Abstract: For over twenty years boron has been of interest to investigators confirming the safety and essentiality of the element in humans. Fruits, vegetables, nuts, and pulses are natural sources of boron in the diet which world wide averages about 1-3 mg daily for most adults. In boron-rich regions of Turkey drinking water sources with 29 mg boron/liter are consumed without harmful effects. The European Union established a safe drinking water standard of 1.0 mg boron/ litre a level difficult for some regions to achieve. Safe standards are difficult to establish due to limited information and widely varying boron concentrations in food and water, high exposures in boron-rich regions or occupational settings and voluntary intakes, for example, of boron containing products. Current research implicates boron as an essential nutrient in humans demonstrating healthful effects in cellular functions associated with osteoporosis, arthritis, inflammation and cancer. Proposed mechanisms of action implicate that boron, found in cells as boric acid, participates in important membrane functions and intracellular signaling cascades. Traditionally, biochemical mechanisms associated with healthfully beneficial effects are needed for nutrients to meet the criteria for essentiality in humans. While boron meets the traditional criteria to be determined essential in humans the research process has provided additional insight into essentiality for boron insight that essentiality for trace elements may based on different criteria. The study of boron in living systems provides a more fundamentally important role by demonstrating functions for trace elements differing from those needed to confirm essentiality previously for carbon based compounds, i.e., carbohydrates, lipids, proteins, and vitamins in human nutrition. To conclude, boron can be a model element to introduce a new field of study, "elementomics". Further studies from boron-rich areas are needed to determine essentiality, dietary requirements, metabolic functions, therapeutic applications, economic benefits and important public policies for boron, a biologically important trace element.
INTRODUCTION
In recent years the focus on boron (B) has shifted from toxicological effects and dietary recommendations to nutritional essentiality and biochemical mechanisms of action [1] . Numerous international symposia bringing together experts for more than twenty years, most with an interest in boron as it applies to living organisms have been instrumental in the dissemination of significant findings ( Table 1) . Knowledge of boron has been applied to set public policies and may ultimately be used to develop new therapeutic agents for chronic diseases. References to boron in living systems haves appeared throughout history ( Table 2 ). This comprehensive review highlights the work of many and attempts to present a balanced overarching review of research relevant to human health. From this knowledge base research will progress to determine the critical limits of intake for boron deficiencies and toxicities needed to improve our understanding *Address correspondence to this author at the School of Life Sciences, 4505 So. Maryland Parkway Box 454004, University of Nevada Las Vegas, NV, 89154-4004 USA; Tel: 702-271-4620; Fax: 702-895-3956; E-mails: susan.meacham@unlv.edu, slmeach@gmail.com of boron as it pertains to emerging healthful benefits, economic capacities and ecosystem stability.
The European Union (EU) has recently set standards for boron in safe drinking water of 1.0 mg B/liter (L) causing considerable public debate [2] . Natural water sources in some regions of the EU and other parts of the world, such as Turkey and China, provide boron at levels that far exceed current estimates of safe intakes [3] [4] [5] [6] [7] . For centuries human populations living in areas where natural boron concentrations in water sources have been comparatively very high human communities have existed without any knowledge of boron toxicities or ill effects. Granted, shorter life spans were also characteristic of earlier generations and retrospective study would be needed to fully understand living conditions so long ago. If there were ill effects with boron exposure that manifested only in the later years of life, they would not have been observed in populations dying at younger ages due to other causes. Of even greater concern is the fact that the rationale for the current regulations is subject to question due to scientific uncertainty. It is imperative that discussions and policies developed are based on sound science [8] [9] [10] [11] [12] [13] [14] [15] [16] . health concern. While this is good news, the consequence is that the scientific community has not invested substantially in boron research in living systems, hence, the lack of sufficient information upon which to base public policies. It is now apparent that populations living in boron-rich environments in Turkey may easily intake more than 6-8 mg B daily for a lifetime. Intakes far in excess of this are still possible for populations living where drinking water sources may provide as much as 29 mg B/d from just one liter of water without considering daily intakes from food or supplements. Observations such as these must be considered in addition to animal studies and laboratory assessments as numerous government entities provide guidelines, offer recommendations and set requirements for boron to protect human health, promote production in food crops of economic importance and ultimately to maintain a balance for boron in the ecosystem [5, 8, 22, 26, 27] .
Guidelines limiting boron consumption in humans have primarily been set using extrapolated data from animal studies [28] . While many variables are considered in this process of setting safe limits, such as the use of animal studies, other fundamental questions are also being overlooked. Why do humans need boron? Is boron essential to human metabolism? Do effects of boron on human health depend on how much boron is consumed? More research is needed, and soon, to 1) determine safe ranges of boron intake for optimal health, 2) demonstrate healthful human existence in regions with naturally high deposits of boron, 3) confirm biochemical roles to support essentiality, 4) consider the healthful benefits of boron at typical intake ranges, 5) explore potential preventative and therapeutic uses for boron at pharmacological levels and 6) guide public policy development based on accurate and reliable measures. A general overview of boron in our environment and the human body will precede the discussion of recent research on boron in relation to human health.
BORON, THE ELEMENT
Boron, ubiquitous in the earth's crust, can be found in most soil types as well as in fresh and salt water. While most of the earth's soils have <10 ppm boron the range is from 2 to 100 ppm with the average soil boron concentration reported to be 10 to 20 ppm. While large areas of the world can be boron deficient, high concentrations are found, for example, in parts of the western United States, throughout China, Brazil and Russia. The world's richest deposits of boron are located in a geographic region that stretches from the Mediterranean countries inland to Kazakhstan. Boron concentrations in rocks range from 5 ppm in basalts to 100 ppm in shales. Seawater contains an average of 4.6 ppm boron, but ranges from 0.5 to 9.6 ppm. Freshwaters normally range from <0.01 to 1.5 ppm, with higher concentrations in regions with high concentrations of boron in soil [29] . Most essential elements that make their way into the human food and water supply are directly derived only from soil minerals. While most environmental sources of boron are geogenic in nature, some trace elements such as boron, iodine, and selenium are supplied in significant amounts to soils by atmospheric transport from the marine environment. Deficiency problems associated with these elements are therefore generally less common in coastal areas than farther inland.
It has been known for some time that boron is an essential micronutrient for higher plants yet a mechanism through which boron functioned in plants was, until recently, unknown [30] [31] [32] [33] . While boron accumulates in aquatic and terrestrial plants it does not magnify through the food-chain. On the other hand deficiencies in plants are often observed for boron [34] . Boron is also a constituent in all phyla of living organisms and its role in most obscure [33, 35] . For some microorganisms, algae, and as stated, higher plants we know boron is essential and although the quantities required are low they are also highly variable and species specific. In other species, including humans, knowing how much boron is needed and what boron does is still being determined.
In this review the values for boron in living systems, in food, water and other consumable products are the best available. Yet, it is important to relay that these values are constantly reviewed and revised emphasizing the importance of vigilant and 'rolling reviews' of the methods of analysis for all dietary constituents, including boron. It is also important to keep in mind that analytical techniques have greatly improved through the years with recent values reported more credible, reliable and accurate due to improvements in sample collection, storage, and digestion methodologies as well as improved analysis with the use of inductively coupled plasma (ICP) spectroscopy. Additional references to improvements in methodologies will be noted, particularly when food, water and dietary supplements are reviewed.
STUDYING BORON IN THE HUMAN BODY
While most methods of analysis measure the element, boron does not exist in this form in living tissues. Of physiological importance is boric acid (BA), a weak acid with a pKa = 9.2. Adults with daily boron intakes from food and water sources will typically have plasma boron concentrations of 60 M. Both boric acid and boron (collectively referred to as boron in this communication) are considered to be easily and completely absorbed (95% in humans and rats) when ingested orally and boron appears rapidly as boric acid in blood and body tissues following ingestion and absorption from the gastrointestinal tract [36] . A homeostatic method of regulation is presumed due to rapid excretion of boron in urine, usually within 24 hrs, even with very high intakes. Regardless of the method of administration boron does not persist in the body after exposure [37] . Culver et al. (1993 Culver et al. ( , 1996 reported similar findings, stating that boron has a short half-life of about 20 hours [38, 39] .
Intestinally absorbed boron, and the minimal amounts absorbed from the respiratory tract, are evenly distributed in soft tissues, except adipose. Some state that there can be accumulation in bone, yet the most easily accessed samples reflecting intakes are semen and blood. Boron metabolism in the body is not energetically feasible, requiring 523 kJ/mol to break boron-oxygen bonds. Boric acid complexes through cis-diol bonding with various biomolecules are paramount to the molecular effects described later in this review [27] .
As an element ubiquitous in the earth's crust, boron is consequently a natural constituent in the human diet [19] . Most people are exposed to boron through several routes: consumption of private, municipal, or commercial (bottled) sources of drinking water; dietary consumption of crops and other foodstuffs (including beverages and dietary supple-ments); inhalation of boron compounds during mining, manufacturing, and other industrial processes; and use of some consumer products, i.e. oral care products, cosmetics, soaps and detergents. The greatest natural exposure to boron for most populations comes from the intake of boron in food. While typical human population daily intakes of boron from food are generally considered to be about 1 mg various age and gender groups differ from the mean with considerable standard deviation ( Table 3) . The methodologies employed to determine boron intakes varied considerably. Hunt and Meacham (1998) and Anderson (1994) chemically analyzed food samples but used different sample digestion techniques. Rainey et al. (1999) obtained data on boron content of foods consumed from literature values to estimate daily dietary boron intakes. Also, the daily intake of boron by humans can vary widely depending on the proportions of various food groups in the diet. Foods of plant origin, especially fruits, leafy vegetables, nuts and legumes, are rich in boron, as are wine, cider and beer [36] (Table 4) . Previous reviews have reported on boron in the food supply and human dietary intakes, including a multi-country comparison of intakes [17] [18] [19] [20] 40] . This review will focus on more recent studies and discussions of methodologies that impact dietary intake estimates.
By far, the greatest 'exposure' to boron in humans is through dietary intake routes, principally from foods, dietary supplements, and beverages, the most important being water. The inconsistency noted for safe limits and estimated intakes reflects largely the variability of boron in human diets, with boron-poor regions providing less than 0.5 mg B/d and boron-rich environments providing maximal intakes of 29 mg B/d with even higher intakes in rare instances [38, [41] [42] [43] . Evolving methods of collecting, processing and analyzing samples and data are also cause for some variability, and even error, when determining boron in our human environment. Before continuing a few comments will be shared on improving methodologies used to estimate boron intakes.
Due to the trace nature of the element and various analytical nuances boron is somewhat difficult to directly assess in human samples and diet components. Numerous studies have provided human blood, urine and bone density data, including some of our early boron supplementation studies as shared in symposia proceedings ( Table 1 ) [44] [45] [46] [47] . For convenience, more often indirect estimates of total daily boron intakes are made from urinary excretion of boron. While this method is simple these estimates can not account for the turnover, fluctuation in reserves or potential storage of boron in tissues. Obtaining quality data from the sum of boron from water, food, dietary supplements and health care products from direct analyses is expensive, time consuming, and rarely performed yet are considered accurate. The most widely used method of analyses of food components requires entering the foods in amounts consumed, usually from threeday diet records, into software programs utilizing databases of food composition tables. This method depends on having boron content information in the database for all foods consumed [48] . Another example that emphases the importance of accurate methods arose in a study using computer software databases to determine dietary intakes for boron. Boron intakes were estimated from a single set of diet records analyzed using software from a reputable company which updated their product over time ( Table 5 ). The trend observed for total energy and fiber is a continually increasing nutrient value with new releases of the software. Other mineral assessments were more variable in the diet over time, for example, calcium, phosphorus, and magnesium. Boron content was available on only 322 foods, or 1.2 % of the 26,000 foods in the database. Further compromising intake accuracy for boron was the discovery that values were reported as mg B/g food rather than g B/g food, providing higher than expected boron intakes and 'masking' the very limited number of boron concentrations available on foods in the database [40, 49, 50] .
In this particular instance the diet records were from a duplicate plate collection from 28 [20] . Even if dietary supplements were to be considered an estimated contribution to daily intake of boron from this source would only add 135 g B/d [51] . Given these comparative estimates the boron intake values determined by the computer software program are inconsistent and 3-4 times higher than chemical analyses and literature values [19, 40, 46, 47, 49, 50, 52] .
It is suspected that the corrected unit errors mentioned above did not carry over to the updated versions of the software program provided by the company. Also, the increase in boron concentrations corresponding to newer versions of software could reflect the inclusion of more boron values as the software databases included more foods, or more foods with boron concentrations with each new revision. Boron intake estimates determined with food composition databases need to be constantly reviewed to improve data quality. Chemical analysis of foods, the accuracy of diet records, and vigilant reporting are needed to improve data quality. Limitations will continue to challenge the quality of human diet research due to inherent challenges when using humans as research subjects, self reported food intake records, robust variability in food and dietary supplements available in retail markets and, unfortunately, human errors. Additionally, with human studies there is always the continual challenge to optimize statistical power by balancing larger subject numbers with less control over free-living subject environments [40, 46, 49] .
Commodity and dietary supplement companies are helping improve dietary intake estimates by voluntarily performing their own food analyses. These values are being added to government and commercial food and supplement composition tables and software databases. Retail marketing may use the information to market the nutritive value of their products. Examples of this use can be seen for several commodities. Pear producers have stated on the product plastic bags that 'pears are a good source of boron'. A recent publication reports that Turkish hazelnut cultivars are good sources of microelements, including boron, ranging in boron content from, 13.63-23.87 mg B/kg (or g/g) [53] . Avocado producers could provide nutritional information about the fact that avocado has the highest boron content among 200 foods chemically analyzed, 14.3 ± 0.4 g/g [40] .
Occupational Exposures to Boron
Before discussing how the majority of the human population is exposed to boron, through food, water, and dietary supplements, special consideration is given here to occupational exposures. Occupational exposures to boron, though affecting a small percentage of the human population, provide interesting methods of assessing exposure and help public agencies assess the upper limits of exposure in humans free of adverse health effects. Due to the limited references and varying modalities (diet, airborne, skin, blood, urine) the values are simply reported and compared to baseline values, for example, those obtained at the beginning of work shifts to put the values in context.
Studies are often conducted in boron mine and related processing facilities. One such study in the United States assessed boron exposures in workers engaged in packaging and shipping borax. Fourteen workers handling borax with low, medium, and high dust exposures were sampled during work shifts for 5 consecutive days. Workers were given diets providing a mean of 1.35 ± 0.72 SD mg B/d boron (US stan- End-of-shift mean blood boron concentrations ranged from 0.11 to 0.26 g/g, thus most not statistically different from the pre-shift mean of 0.09 and the highest still within the range of values reported in the literature for working adults not occupationally exposed reported in an earlier study [54] . The highest blood boron concentrations reported were also lower by a factor of ten than those reported as safe in animal studies. Combined dietary and airborne boron sources were estimated for high-exposure workers to be 27.9 mg B/d or 0.38 mg B/kg/d without accumulation during 5 days of study. End-of-shift mean urine concentrations ranged from 3.16 to 10.72 g B/mg creatinine (or /1 mL urine) compared to the pre-shift mean concentration of 2.75 g B/mg creatinine and reflected boron exposure better than blood testing.
Other occupation studies have reported on the relation of respiratory symptoms, pulmonary function, and abnormalities of chest radiographs to estimate exposures of borax dust. In a cross sectional study of 629 actively employed borax workers, 93% of eligible workers, participant exposures ranged from 1.1 mg B/m 3 to 14.6 mg B/m 3 . Symptoms of acute respiratory irritation such as dryness of mouth, nose, or throat, dry cough, nose bleeds, sore throat, productive cough, shortness of breath, and chest tightness were related to exposures of 4.0 mg B/m 3 or more and were infrequent at exposures of 1.1 mg B/m 3 . Symptoms of persistent respiratory irritation were related to exposure among non-smokers. Radiographic abnormalities were uncommon and were not related to dust exposure [55, 56] . Hu et al. (1992) studied acute irritant effects of airborne sodium borate dusts on industrial workers. The investigation was carried out in a large borax mining and refining plant [56, 57] . The investigation was carried out in a large borax mining and refining plant. Results from this study showed that current smokers tended to be less sensitive to the exposure to airborne sodium borate dust than nonsmokers. A study of workers exposed occupationally to sodium borates up to levels of 14 mg sodium borates/m 3 (the nuisance dust level is 10 mg B/m 3 ) indicated no significant respiratory effects (i.e., nose, eye and throat irritation). No significant difference in response was found between workers exposed to different types of sodium borate dusts. No effect on pulmonary function or other health effects was observed in workers exposed chronically to borates [38, 56, 58] .
Studies have also assessed human exposures to boron through dermal absorption. When a three per cent boric acid solution was incorporated in an anhydrous, wateremulsifying ointment no increase in boron was observed in blood and urine during a period of 1-9 days after a single topical application. The same amount of boric acid incorporated in a water-based jelly resulted in an increase in blood and urine boron concentrations, beginning within 2-6 h after application. The decisive factor was determined to be the degree of liberation of boron from the vehicle. Skin conditions, such as erythema, eczema, or psoriasis are of minor importance to boron skin permeability compared to the characteristics of the vehicle [59] . In vivo results show that percutaneous absorption of boron, as boric acid, borax, and disodium octaborate tetrahydrate, through intact human skin, is low and significantly less than absorption from dietary sources. This very low boron skin absorption makes it apparent that, for the borates tested, irritation and sensitizing contact dermatitis does not occur and use of gloves to prevent systemic uptake is unnecessary. These findings do not apply to abraded or otherwise damaged skin.
A variety of studies have attempted to identify other areas of concern for human boron exposure. Some borates cause eye irritancy in animals, but in 50 years of occupational exposure no adverse ocular effects have been seen in humans and are not carcinogenic or mutagenic. Culver et al. (1996) determined that adverse effects of anorexia, indigestion, and exfoliative dermatitis will be seen with long-term intakes at 5.0 mg B/kg/d. Without available data in the literature for infants it is thought that their responses at very high doses are similar enough to adult responses that it is reasonable to assume that the infant is not more sensitive than the human adult to the effects of boron based on acute exposure effects [39, 60] .
Boron in Drinking Water and International Safety Regulations
The usual routes of human exposure to boron have been addressed acknowledging that the primary exposure is through dietary intake in most situations. However, due to the variability of boron in drinking water sources around the world this route of exposure deserves additional attention. In some regions of the world the contribution of boron to human intakes through water can be dramatic, consequently having a tremendous impact on daily and lifelong boron intakes. As initially stated in this review the importance of boron in public water supplies has attracted attention of international of public health officials, scientists and policy makers as standards for safe drinking water are being established in the EU [5] . While an exhaustive review of the complexities and policy ramifications of boron in water sources can not fairly be done at this time it is important to acknowledge the concerns related to human health and boron in drinking water, bottled water, natural mineral waters, irrigation water, surface water, ground water, industrial waste water, and agricultural run off. Unfortunately, the values reported for boron by the following world agencies have been derived, again, through varying modalities. This disjointed fashion of reporting makes sharing and comparing information between agencies problematic, contributing to the uncertainty in the science needed to adopt credible policies for boron in drinking water.
In 2004 the United States (US) National Center for Environmental Assessment (NCEA) of the Environmental Protection Agency (EPA) made an unprecedented announcement reflecting new and more reliable research on boron. They revised the allowable daily dose of boron in water to 14 mg B/d, making the level considered harmless more than twice the previous value. This change was primarily due to a change in how the safety factor is calculated, where the uncertainty factor was reduced from a default factor of 100 to 60. The EPA's use of uncertainty factors is often due to incomplete data, i.e., that needed to account for 1) interindividual or intraspecies variability, 2) extrapolations between species (rats to humans), 3) extrapolations over time to achieve life-time or chronic exposures, 4) extrapolations from 'low' to 'no' adverse effects, etc. The policy change for boron followed a multi-year assessment of more than 200 studies on boron's health effects, revising and updating the EPA's Integrated Risk Information System which provides information on more than 500 environmental substances. Concerns regarding the flow of boron from industrial sites to drinking water sources prompted the release of updated information and spurred more policy revisions [26, 27, 43] .
More recently European Food Safety Authority (EFSA) rulings related to boron have resulted in first adopting a statement permitting boric acid and sodium borate as a nutrient source of boron and second establishing a maximum concentration of boron in natural mineral waters to avoid health risks. The appropriate panels also confirmed that maximum intakes would not likely be exceeded given that quantities consumed ranged from 0.5 to approximately 2 L water/d in three EU countries. The panels also reviewed the data and determined safe levels of boron intake based on the values of 10 mg B/d for adults and 3 mg for 1-3 yrs; 4 mg for 4-6 yrs; 5 mg for 7-10 yrs; 7 mg for 11-14 yrs; and 9 mg for 15-17 yrs. For children from 1-17 yrs of age a maximum limit of 1.5 mg B/L in bottled water was determined to prevent children from exceeding the upper limit (UL) [2, 61] .
Another US entity, the Agency for Toxic Substances and Disease Registry (ATSDR) of the Centers for Disease Control and Prevention (CDC) stated that "exposure (in animals) to large amounts of boron (about 30 g of boric acid, 1,800 times higher than average intakes in US adults) over short periods of time can affect the stomach, intestines, liver, kidney and brain and can eventually lead to death." This document continues stating that the EPA has determined that lifetime exposure to 1 ppm (1 mg B/L) boron is not expected to cause any adverse effects and exposure levels in drinking water to prevent any adverse effects in a child are 4 ppm (4 μg/g or 4 mg B/L) for 1 day or 0.9 ppm (mg B/L) for 10 days. ATSDR also states it is important to consider influences of boron in effluent discharge from industrial activities. Boron has been found in at least 164 of 1,689 National Priorities List sites identified by the Environmental Protection Agency [27] .
In 2002 the United Kingdom (UK) exposure assessment conducted by the Expert Group on Vitamins and Minerals (EGVM) reported on mean boron intakes [36] . The UK considered mean boron intakes to be 1.5 mg B/d and that for the 97.5 th percentile 2.6 mg B/d with drinking water adding 0.2-0.6 mg B/d [62] . In addition to food and drinking water boron, intakes from dietary supplements were estimated to provide up to 10 mg B/d and cosmetics and consumer products another 0.47 mg B/d providing a maximum total estimated intake from these primary sources of about 14 mg B/d. A Safe Upper Limit (SUL) for a life-time was set at 9.6 mg B/d for a 60 kg adult. Although the report was unable to make specific recommendations the maximum estimated boron intake of 3.7 mg B/d provided a safety margin of about 6 mg B/d for the UK population.
The EU has suggested a standard of 1 mg B/L in drinking water and established the UL for boron (boric acid and borates; 1 mg boric acid provides 0.175 mg boron) at 0.16 mg B/kg body weight per day or about 10 mg B/d for an adult.
Using this drinking water standard (1 mg B/d) and assuming a maximum intake of 2 liters of drinking water daily the upper intake level consumed through foods could be about 8 mg B/d before reaching the UL. It should be noted that at the time boron was not on the list of permitted vitamin and mineral dietary supplements in the EU [2] .
The World Health Organization (WHO) considers an acceptable range of intake for total boron 1-13 mg B/d for adults. WHO revised their recommendations for boron standards related to human health in 1998 recommending a Tolerable Intake (TI) of 0.4 mg B/kg body weight/d for humans, about 28 mg B/d for a 70 kg human adult. The revision was prompted by new research and changes in the uncertainty factor (UF) used to reflect the importance of interspecies similarities in pharmacokinetics between rats and humans. Drinking water boron concentrations according to WHO are generally between 0.1-0.3 mg B/L. The WHO recommendation for boron concentrations in drinking water was initially below 0.3 mg B/L (1993) but revised to 0.5 mg B/L in 1998. This was a provisional guideline since 0.3 mg B/L was considered too low to be achieved in some areas with high boron concentrations in natural water sources. Practical means of dilution with low boron waters, or desalination or other means of protecting the water source, i.e., reducing the boron used in detergents, etc., are not always economical or feasible [23, 24, 63, 64] .
New data, with recommendations from the US and completion of the rolling revision of the WHO Guidelines for Drinking-Water Quality have resulted in an even more recent release as of November 2009. The draft document on boron in safe drinking water reports a guideline value increase from the provisional 0.5 to 2.4 mg B/L. The background document further states that in some desalinated supplies and in areas with high natural boron levels local regulatory and health authorities should give further consideration to values in excess of 2.4 mg B/L prior to making recommendations. In 1998 WHO made the provisional boron intake recommendation with the following statements for applying this TI: "1) Water and food guideline values should be based on the TI provided by this document; 2) TI should be applied with the understanding that boron may provide a physiological benefit for human health; 3) It should be recognized in applying standards that boron is essential for some constituents of the environment (e.g. boron is an essential micronutrient for higher plants); 4) Dietary supplements that exceed the TI should be avoided" [23, 62, 64, 65] .
What Happens when Boron in Natural Drinking Water Sources Exceeds Recommendations?
In the EU one study reported that 10% of 600 drinking water sources analyzed had boron concentrations that exceed the safe 1 mg B/L guideline [5] . Likewise, other locales around the world have drinking water sources with boron concentrations that exceed allowable levels set for safety by governing agencies. Setting standards, for example in the EU, where all member states are expected to comply is not easy, particularly when the natural boron concentrations in drinking water sources vary tremendously. This has prompted a need for review and the latest 'relaxed' policy revisions stem from research findings; improved knowledge of boron intakes, improvements in determining uncertainty factors, high and variable concentrations in sea water compared to surface and ground water sources (ocean boron means near 4.5 mg B/L with maximums up to 7 mg B/L) and, very importantly, poor boron removal rates in desalination processes. Ground water boron is also quite variable, being high in areas with granitic or volcanic rocks, or large accumulations of evaporates (geogenic sources) or where wastewater discharges (anthropogenic sources) impact water sources.
The regulatory problems with enforcing compliance to new and revised standards for drinking water, particularly for the relatively newly formed EU were unanticipated and bring a new focus to boron research in regard to human health and public policy. At the base of the problem is scientific uncertainty emanating from 1) a lack of information on normal boron intakes/exposures and levels considered optimal to human health, 2) a need to identify the source(s) of boron, natural or anthropogenic, and 3) ways to reduce concentrations to achieve recommended levels especially in drinking water. Given these general dietary concerns, boron intake research also must address additional concerns. One concern is the contribution from bottled waters. Another concern unique to diet research is dealing with water sources that provide more than recommendations suggest. The consequences of a few recent scenarios are shared here acknowledging that selling water is a business, and likewise so is selling dietary supplements. Both market commodities have added to the complexities of safe guarding the public from over consumption of the trace element, boron.
Special concerns for boron in drinking water are shared through the scenarios presented below from Italy, Cyprus, and China and illustrate the political and economic consequences of high boron concentrations in water supplies. It is important to note also that in Turkey several early observations by others [10, 11, 13] have important findings that demonstrate that high boron levels in drinking water, and consequently foods, did not negatively impact human health. In a study of a highly exposed population in Turkey, where exposure comes mainly from naturally high levels of B in drinking water (up to 29 mg B/L) as well as from mining and production, no adverse effect has been reported on fertility and general health in over three generations. More extensive discussions of these studies are provided in symposia proceedings ( Table 1 ) and this special publication. To the contrary, more recent findings are showing protective effects of high boron in drinking water in epidemiological studies in Turkish women where indices of cervical cancer are lower than in other populations. Korkmaz et al. share these observations in more detail in this special issue publication [8, 9, 11-14, 40, 49] .
To appreciate the economical impact of boron policies data from China on bottled water report increased from 5.5 billion L in 2000 to 8.1 billion in 2009 [7] . Little is known about the analysis of the water from bottled water sales. Usually analysis of tap water originating from ground and surface water sources reflect drinking water values since water treatment facilities do not easily remove boron. Boron removal processes are difficult and incredibly expensive in areas with naturally high boron concentrations in water making achieving the standards set for safe consumption difficult to accomplish. The situations below demonstrate the need for continued research not only for the sake of science but to reveal normal exposures, guide future dietary recommendations and support public policies.
Tuscany, Italy and Cyprus
Italy, especially the Tuscan region, is the heart of the proclaimed healthy Mediterranean Diet (possibly due to the olive oil, 'al dente' pasta, fresh fruits and vegetables, and red wine, most rich dietary sources of boron [46] ) and is now faced with a different health concern. They cannot easily achieve the safe drinking water standard set by the EU Drinking Water Directives as a result of the accession of member states. The Cornia River basin in Tuscany, Italy is the primary source of drinking water for the region with a boron concentration reaching 8 mg B/L water. The boron concentrations in 30% of local ground water exceeded the directive of 1 mg B/L. This is a national problem for Cyprus, the third largest island in the Mediterranean, as all of the regional water supply is affected by natural and anthropogenic sources of boron resulting in boron concentrations of 13 mg B/L [5, 66, 67] .
In Cyprus and Tuscany these issues are confounded by the exploitation of ground water, with the rate of removal exceeding the rate of replacement due to increases in human population and a reduction in rain fall lowering the water tables, and the infiltration of seawater (4.5 mg B/L). The EU standard is requiring compliance, yet the uncertainty of the damage to human health makes supporting the regulation difficult since for generations the population has not suffered or even noted risks to human health possibly related to boron. Scientific uncertainty focused not only on the uncertainty regarding the health effects of boron but also uncertainty regarding the source of water boron. Ironically, or maybe coincidentally, as a result of Ancel Key's Seven Countries Study Italy, as well as other Mediterranean countries like Turkey, have enjoyed the accolades of being considered some of the healthiest in the world [5, [66] [67] [68] .
China
Recently, a very thorough assessment using the most up to date procedures of water boron was made in China from 98 public drinking water sources from 49 cities, 42 brands of bottled water from retailers in several cities and 58 water samples from boron industrial areas [7] . The public water values ranged from 0.003 to 0.337 mg B/L (mean = 0.046 mg B/L), with mineral and pure bottled water means of 0.052 and 0.028 mg B/L, respectively. In surface water the highest boron concentrations were (0.246 mg B/L) and for ground water (0.337 mg B/L) where the use of boron fertilizer and commodities are thought to be high. In boron industrial areas, mean concentrations in surface water and ground water were 1.28 mg B/L (ranging from 0.007 to3.8 mg B/L) and 18.3 mg B/L (ranging from 0.015 to140 mg B/L), respectively, reflecting boron pollution in the local water system from boron industries. The highest value is 140 mg B/L, which is 46.7 times higher than the boron standard for agricultural irrigation of China (3 mg B/L).
The limit for total daily boron intake suggested by international agencies is 13 mg B/d. If individuals daily drink 2 L of water the boron concentration in drinking water should be lower than 6.5 mg B/L. Six of 26 samples from boron expo-sure sites in this investigation had boron concentrations exceeding this value potentially inviting hazards to human health. While generally the, boron concentrations in all tested water samples are below the standard set in China for public drinking water sources (0.5 mg B/L) the investigators recommended that boron industrial water in China may need to be regulated [7, 65] .
Globally, boron concentrations in both surface water and ground water can vary substantially depending on different geographic regions. Most boron concentrations in fresh water are less than 0.1 mg B/L; however, in areas with boron rich soils, boron concentrations in surface water may be as high as 26 mg B/L [65] .
Boron in Dietary Supplements, the "Wild Card"
Although highly variable, globally, boron intakes for adults eating standard diets can be considered to be roughly 1-2 mg B/d. The WHO reports safe daily intakes ranging from 1-13 mg B and others suggest that intakes not exceed 28 mg B/d [65] . To achieve the most accurate assessments of total boron ingested all routes of entry, beyond food and water, need to be considered. In previous reviews others have reported on occupational exposures and atmospheric sources, acknowledging that these exposure routes are nominal in terms of exposure and rarely impact the general public [6, 7, 26-28, 34, 69-71] . The majority of the human population is exposed to boron through daily living, experiencing boron exposure primarily from food, beverages and other voluntarily consumed products such as dietary supplements and personal care products. While estimates of boron intake from health care products can also be considered to make a nominal contribution to daily boron exposures, dietary supplements are a 'wild card'. The boron in dietary supplements and personal care products is almost 100% absorbable through epithelial membranes of the mouth, vagina, and anus. Often nutrient assessments by health professionals do not take into consideration the consumption of elements from these products, overlooking potential health hazards of mineral toxicities or drug nutrient interactions, and even the possibilities of improvements from supplementation attributed inappropriately to prescription medications [22, 40, 49, 50, 72, 73] .
Only a few dietary boron supplementation studies have been performed in humans. The boron supplementation study performed in postmenopausal women at Grand Forks Human Nutrition Research Center, in Grand Forks, North Dakota is credited with spurring renewed interest in boron as a healthfully beneficial nutrient. This well controlled study in 14 subjects reported 'marked', but not statistically significant, elevations in testosterone. This finding prompted a study in male body builders in which the increased testosterone as a result of boron supplementation could not be replicated [74] . A third supplementation study randomly provided capsules containing either placebos of corn starch or 3 mg boron in a double blind study with 17 college female athletes and 11 sedentary controls. Participants in the year-long intervention had total mean daily boron intakes greater than 4 mg B/d. Blood, urine and diets were assessed by ICP mass spectroscopy analysis on samples collected during the first, fifth and tenth months. Effects on bone were determined with dual photon absorptiometry. Although no outstanding effects were noted in blood hormones and minerals females consuming diets considered adequate, meeting recommendations for 7 of 8 key nutrients, demonstrated a 20% higher boron intake than the average intake from all subjects. Those achieving adequate diets had higher intakes of fruits and vegetables, known to be good sources of boron. The athletes had lower percent body fat and higher aerobic capacities than sedentary controls. Athletic subjects consumed more boron in their normal diets than sedentary subjects; all other dietary measures were similar between the two groups [40, 40, 46, 47, 49, 50, 52] .
Few studies have considered dietary boron supplementation when assessing boron intakes. Thus, agencies such as The European Food Safety Authority concluded in 2009 that there is insufficient scientific evidence to support that a cause and effect relationship has been established between the consumption of boron and the maintenance of normal bone and normal joints [75] . Acquiring scientific evidence of boron supplementation efficacy is further limited due to the variability in internationally regulations impacting the availability of boron to consumers. In many countries, i.e., Switzerland, there are no approved over the counter products registered that include boron. In other countries the ingredient content, as well as the claims legally allowed to accompany dietary supplement products, may not be regulated at all.
US and Canadian agencies do not allow the use of specific structure-function claims for boron [22] . Here, again, country by country legislation regarding dietary supplement marketing claims varies widely. In Australia the Therapeutic Goods Administration has licensed 14 oral boron containing over the counter supplements providing doses of less than or equal to 3 mg B/d. Some boron containing products for adults are authorized to use specific structure-function claims, i.e., 1) Boron is important for bone metabolism and the calcification of bones. It affects calcium, magnesium, and phosphorus levels, 2) Boron and vitamin D facilitate the utilization of calcium, 3) Boron is a trace mineral involved with the efficient absorption of calcium in the body, 4) Calcium plus minerals such as boron and magnesium are needed for optimum bone mineralization. Otherwise there are no other precautions specific to labeling for boron other than that the products are for adults only [76] .
In the United Kingdom boron is present in a number of multi-vitamin and mineral food supplements at levels up to 10 mg, but not in licensed medicines. The safe upper level for daily lifetime consumption of boron was determined in the UK as 9.6 mg for a 60 kg adult. The maximum estimated boron intake was 14 mg B/d with water providing only 0.6 mg B/d, dietary supplements providing 10 mg B/d and cosmetic and consumer products 0.47 mg B/d. Recently, the Scientific Panel on Dietetic Products, Nutrition and Allergies (2004) established a UL for boron intake ranging from 3-10 mg B/d, depending on the age category of individuals. They state that although boron intakes from food and water in the UK are below the UL, the consumption of some supplements containing boron (up to 10 mg B/d) may lead to intakes that exceed the UL. Therefore, intake values from food, water and consumer products (estimated to be up to 3.7 mg B/d) were subtracted to provide a recommended limit of 6 mg B/d for supplemental intake [36, 61] .
For comparison several other country recommendations are presented. The Singapore Health Authority has adopted the EGVM (2003) recommendation (2007). In Switzerland, in 1994 the Swiss Authority questioned the risk/benefit ratio of boron and its salts. At present there are no approved over the counter products including vitamin and mineral supplements registered containing boron in Switzerland. The European Union's European Food Safety Authority (2004) set a UL of 10 mg B/d for adults and stated that on the basis of safety boric acid and sodium borate are suitable for use in foods for particular nutritional purposes, food supplements and foods intended for the general population providing the UL is not exceeded [23] . In the US prior to 1994 dietary supplement availability was very limited. Since 1994 and the passage of the Dietary Supplement and Health Education Act (DSHEA) the supplement industry has experienced dramatic consumer sales and, consequently, made a tremendous impact on consumers' nutrient intakes. Nutrient intakes no longer reflect the 'natural' nutrient distributions found in foods due to the self-selecting decisions to consume dietary supplements [2, 61, 77] .
In an effort to provide dietary guidance for these products the US National Library of Medicine Dietary Supplements Labels Database compiled a list of dietary supplements and provided information about ingredients, health claims, costs, manufacturers, etc. When accessed in April 2008 the database offered information about label ingredients for more than 2,000 selected brands of dietary supplements. Boron was included on 107 commercial product labels; only three products included boron in the product name on the label. By August 2009 this database listed twice as many products with boron on the ingredient list, 224 of the more than 3,000 products included. Boron ranged from 0.07 g to 3 mg B/unit in 203 products and only 3 products contained 3 mg B/unit. An additional 42 products on the list had 'borate' on the label [2, 61, 77] .
Initially, the 2009 list showed a maximum value of 60 mg boron for a single product. After contacting the company they confirmed a suspected error in reporting and corrected the value to 750 g/15 ml unit for the liquid mineral supplement that sold for US $29.90/bottle (62 units/bottle, 15 ml/unit). When the 203 product list was averaged with the 60 mg boron/unit the mean boron content was 804.7 g/unit (± 4505.8 SD, ± 95.2 SE, median 333); correcting the erroneous value to 750 g/unit lowered the list mean to 512.8 g/unit (± 505.9 SD, ± 35.5 SE, median 333) [2, 61, 77] .
What does this mean for dietary supplement consumers?
A study conducted in Las Vegas about 5 years after the approval of DSHEA will help illustrate its impact on consumer preferences for dietary supplements. In an osteoporosis study of elderly females (71 ± 10.2 yr of age) 85% of 39 participants reported consuming 1-19 dietary supplements daily. Information concerning the specific supplement contents was not available to investigators, thus actual total nutrient contributions from these products was not determined. However, when boron intakes were estimated using the average, 0.5 mg B/unit it is conceivable that a subject consuming 19 products could theoretically intake 20 mg B/d, the UL, or more from supplements alone. For the elderly this is particularly disturbing due to the likelihood that there maybe food and drug interactions to consider as well as concerns with fluid and food intakes, not to mention age-associated concerns with altered metabolism [40, 49, 50, 73] .
The Dietary Supplement Label Database website also provides additional information for consumers about dietary claims. The supplement database grades the evidence available to support the claims made by manufacturers. On their product labels manufacturers state that the claims made have been tested in humans or animals and "safety and effectiveness have not always been proven." "Some of these conditions are potentially serious, and should be evaluated by a qualified healthcare provider." In addition to these statements on safety and efficacy a grade and grading key scale is provided. For boron the claims provided were graded as follows: a "C" for hormone regulation, improving cognitive function, osteoarthritis, osteoporosis, vaginitis and a grade of "D" for bodybuilding aid (increasing testosterone), menopausal symptoms, prevention of blood clotting (coagulations), and psoriasis (boric acid ointment). "C" grades represent "unclear scientific evidence for use" and "D" grades reflect "fair scientific evidence against its use". It is not known if the general public is aware of this knowledge source, or if they consult this site [2, 61, 77] .
To further examine the availability of boron through dietary supplements an analytical study was conducted using high resolution ICP mass spectroscopy analysis. Boron was found in commercial products that did not list boron on the label. Samples and certified reference materials, oyster tissue and tomato leaf (National Institute of Standards and Technology 1566b and 1573, respectively) were digested using nitric acid with a microwave digestion system. Preliminary data provided the following concentrations (in g B/g dietary supplement) in St. John's Wart (57.0), Siberian Ginseng (19.0), Dong Quai (0.5), a multivitamin and mineral supplement (152) and a commercial product sold as an ergogenic aid (137). American consumers often purchase multiple dietary supplements, particularly those suffering from diseases such as osteoporosis or cancer ( Table 6 ) [73] .
Dietary supplement popularity will likely increase unless tighter regulations are imposed and it will be difficult to anticipate what products and what elements will be forthcoming and contributing to dietary intakes, particularly for minerals. The following illustrates this point. A recent press release announced the "first organic chia enters US market". Chia seeds are ancient grains that contain, many substances, including boron. Chia seeds are one of 515 new ancient grains marketed in 2007. This represents a five-fold increase over products with similar ingredients in 2004 [78] .
Another marketing advertisement for a sea-source of calcium claimed the product "is the first to show increases in bone density" because of naturally occurring nutrients, including boron, in the algae-based product from Latin America. A Nevada based company selling this product had sales of $71,476 in four weeks in the Netherlands, UK, Canada, Australia and some Asian countries [79] .
As with dietary supplements, unsuspected sources of boron will enter the food supply. There will continue to be an overwhelming challenge to obtain data on trace elements, like boron, as new products enter the market. The quality of this scientific base, upon which we estimate human intakes and design public policies, is no better than the quality of the information reported. Already, information critical to this review of boron, just one trace element in the human diet, with a 'light' appearance in the literature has been subject to perplexing errors detected on product labels, on government supported websites and decimal errors in databases used by commercial software compounding the inherent complexities of dealing with accuracy in human diet research.
How Much Boron is Needed for Optimal Health?
For all essential nutrients at low intakes signs of deficiencies appear and at excessive intakes signs of toxicities have been reported. The typical graphic representing healthful intake of nutrients is depicted in Fig. (1) . The Dietary Reference Intake (DRI) panels identify the highest level of daily nutrient intake that is likely to pose no risk of adverse health effects for almost all individuals in the general population as the UL. The Estimated Average Requirement (EAR) is the intake at which the risk of inadequacy is 0.5 (50%) to an individual. The intake, at which risk of inadequacy is very small, meeting the needs of more than 97 to 98 percent of individuals, is the Recommended Dietary Allowance (RDA) (Fig. 1) . It's all 'a matter of dose', and the dose varies for each element in the diet to prevent deficiencies, toxicities and meet the optimal recommendations for health in the human diet [22] .
For boron the EAR and RDA have not been confirmed [22] . Most agree that the majority of the human population consumes enough of this trace element to avoid deficiencies if consuming approximately 1 mg B/d, thus, boron deficiencies are not a public health concern as we have noted in this review. Also, having examined the various routes by which humans have been consuming, or been exposed to, boron, again, the likelihood is quite low that boron toxicities are potential public health concerns. Yet, it is still possible that boron toxicities could appear if intakes, for example through voluntary dietary supplements become excessive, or if dramatic changes in water supplies occur by geogenic or anthropogenic activities, etc. [26, 27] .
However, as stated earlier, in the absence of sufficient evidence experts adopted a 'better safe than sorry' approach to preventing toxicities, setting an UL of 20 mg B/d. In 2000 the US and Canadian panel stated that the human database was not adequate for establishing an UL and no human data were available comparable to those observed in animals, especially for sensitive populations illuminating developmental and reproductive effects [28, 37, 70] . Murray and Schlekat (2004) [28] provided an interesting case study of processes used to determine the broad range of tolerable daily B intakes recommended. They carefully examined reports between 1995 and 2002 recommending safe boron intake recommendations that ranged from 10-24 and 12-28 mg B/day for 60-kg women and 70-kg men, respectively. The case study including agencies mentioned above; Fig. 1-2. ) [22] . ) . The retrospective analysis noted that all seven agencies relied on the same single study in rats to demonstrate developmental toxicities [28, 80] . The case study also noted that risk assessments were based on the same No Observed Adverse Effect Level (NOAEL), i.e., 10 mg B/kg/day [80] . The variability was attributable to total chemical-specific uncertainty factors which ranged from 25 to 62. The total uncertainty factors selected acknowledged interspecies and intraspecies variability.
Due to very limited data on species differences or human variation in boron toxicodynamics default factors were utilized when determining safe exposure limits. addressed the need to characterize species toxicokinetic differences and obtained data on renal clearances to improve extrapolating from rat to human estimates of boron toxicity [81] . The authors observed renal excretion and renal clearance in pregnant and nonpregnant humans does not differ in females. Likewise, in a companion study in rats [82] determined species specific values for renal excretion and renal clearance of boron in rats. Comparisons revealed an interspecies ratio (rat to human) of 0.43 reported by surface area and 3.04 when reporting by body weight. However, other variables continue to limit the direct use of these values such as a need to improve the consistency in timing of samples and need to account for the high boron content of ad libitum rat chow compared to ad libitum human diets affecting variation in blood, plasma and urine values and clearances, etc. [28] .
Recall, that about this time the EU was also setting safe drinking water standards and considerable debate triggered due to the scientific uncertainty regarding these very estimates of safe boron exposures. The EU was acknowledging in 2004 that there was limited data in EU countries on intakes of boron from food and drinking water [2, 61, 75] . Determining how much boron is needed for optimal health and identifying the mechanism by which boron influences physiological processes in humans is needed before decision making boards can satisfy the current criteria for setting reference intakes for boron. Is it possible that boron essentiality may be better served by a different set of criteria for determining essentiality? Those living in boron-rich areas may have the answers to these questions, and more.
What Does Boron Do?
It is evident that considerable effort has been invested in determining how much boron is in the environment, in living systems, and specifically the human diet. Concurrently, the 'quest' to identify a purpose, a role for boron in living systems has been undertaken from an array of biologically diverse approaches using a number of different models; microorganisms, algae, plants, frogs, chickens, rats, etc. and humans. Researchers have approached the question from their varied scientific disciplines; embryology, neurology, histology, pathology, nutrition, biochemistry, etc.
While boron is essential in plants and other organisms it is suspected to be essential in humans but this has not been directly proven. The continually expanding number of studies demonstrate a role for boron in various species, body systems and disease conditions. Several researchers have reviewed boron's role in metabolism in plants and animals [1, 2, 33, 61, 83] . Thus, to answer this question, "What does boron do?" the response should address the population and organismal effects as well as the biochemical mechanism in the cell.
Improvements in brain function, bone density, immunity, cardiovascular effects, development and reproduction and the incidence and prevalence of cancer biomarkers have been reviewed. Yet, once again, in order to provide scientific evidence of a role for boron the cellular mechanism must be identified. Thus, the importance of understanding boron chemistry is needed as the cis-diol binding properties emerge as the basis for the varied functions of boron in the cell. The suspected importance of boron binding to organic molecules may provide the evidence needed to explain the effects observed at the population level, i.e., the reduced incidence of certain types of cancers. Although literature accounts of the effects of boron in living systems are scant some are providing direction for contemporary investigators. Considerable attention has historically been given to the role of boron forming cis-diols, providing strength for cell walls important in plant structure. Less notice has been taken of Goodrich's description in the 1940's of boric acid solutions dissociating the structure of animal tissues (Hydra). Cochrane [84, 85] proposed that boric acid used as an insecticide may function, as imaged, through the dissociation of respiratory and intestinal epithelia. These early observations may have significance and contribute to our understanding of boron's mechanisms of action in human therapies improving bone strength for patients with osteoporosis and influence treatments for cancer where cell-cell dissociation has recently been noted in prostate and breast cancer cell lines treated with boric acid. The initial epidemiological observations for boron and prostate cancer in the United States and positive associations noted for reduced indices for cervical cancer in women in Turkey are intriguing and indicative of more relationships to be discovered. The mechanism of action for boron may be imposed through adhesion molecules, steroid hormones, metabolic regulation, antitumor metabolites, cell proliferation, etc.
Healthfully Beneficial Effects in Naturally BoronRich Areas
Studies conducted in boron-rich regions of the world have provided unique opportunities to assess the effects of long-term exposures to higher than average boron concentrations. The epidemiological studies in boron-rich areas such as Hisarcik, Turkey are providing data on populations that eat locally grown food and use ground water for drinking and food preparation. In one study daily boron intakes in 66 males, mean age 39 years, residing in the area for an average of 36 years, were calculated to be 6.77 mg B/L using urinary excretion. Water sources in this region range from 2.05 to 29.00 mg B/L with a mean value of 10.20 ± 4.08, or 200 to 1000 times typical values reported in most surface freshwaters around the world (0.01-0.05 mg B/L) [86] . Chronic high boron exposure in persons in the Hisarcik area from food and water was verified by high total urinary boron excretion (0.04 to 50.70 mg B/L with a mean value of 8.3 ± 10.91 mg B/L). Study results showed there were no remarkable findings of toxicity, mutagenicity or carcinogenicity among residents in this area [3] .
To view this data in perspective note that for most of the world's population food sources may provide the average adult about 1 mg B/d and drinking water generally ranges from 0.1 to 0.3 mg B/L where consumption of 2 liters adds an additional 0.2-0.6 mg B/d on average to total intakes [3, 8, 12, 23, 24] . The findings reported from Turkey are vital to setting new, revised parameters to define the risks and benefits associated with boron. (Korkmaz provides additional findings on boron and cancer in this special edition).
In the United States, previous interest in boron research focused on confirming the lack of negative effects, i.e., toxicities, particularly in boron mine employees. Additional research strategies encouraged engaging in the 'quest' to identify the biochemical mechanism of action for boron in normal metabolism. Now, as in Turkey, recent attention has turned to study boron as an anti-cancer agent naturally present in the human diet [87] [88] [89] [90] . Analysis of data from the Third National Health and Nutrition Examination Study led investigators to declare that the dietary boron intake observed in an epidemiological and environmental study was inversely related to prostate cancer. Cui et al. (2004) were able to demonstrate a statistically significant relationship between increased boron intake and decreased incidence of prostate cancer from a retrospective analysis of data on 95 prostate and 8,720 controls from survey data and water boron data from geological records. A dose response result was seen after controlling for confounding factors. The authors proposed that the underlying biological inverse relationship between dietary boron and prostate cancer maybe due to steroid hormones, metabolic regulation, antitumor metabolites, and the regulation of cell proliferation. The authors cited cis-diol linkages as potential mechanisms by which boron influences testosterone through prostate specific antigens as potential sites for direct boron participation in the cancer process. Additional hypotheses have posed that, like bacteria produced antibiotics that contain boron, yet to be identified boron-containing metabolites in vertebrates may inhibit DNA, RNA, and protein synthesis or disrupt membrane permeability, thus inducing or permitting cancer progression. Cui et al. (2004) also found that men in the highest quartile of boron intake had half the risk of prostate cancer compared with men in the lowest quartile (OR + 0.46, 95%, CI = 0.21-0.98) [90] . Barranco et al. (2007) in an ecologic study also demonstrated a correlation between ground water boron levels and prostate cancer incidence throughout Texas (US) [87] . Gonzales et al. (2007) have since conducted a prospective study on the incidence of prostate cancer and boron intake in 13 counties in western Washington State (US). Boron intake was determined using food frequency questionnaires that included water and dietary supplement intake. The participants were enrolled in a multivitamin and cancer study. They provided information on their current multivitamin use, including brand names, frequency, times per week and years of use. Through the questionnaires received from 16,482 eligible male participants, about 90% used a supplement brand that contained boron and if the boron content was unknown, 150 micrograms was imputed for study analysis [91] .
The results from the Gonzales et al. (2007) [91] study did not confirm the findings of Cui et al. (2004) [90] . Dietary boron intake and total boron from diet (food and water) and multivitamin supplements were not associated in this study with strong protective benefits to prostate cancer. In both studies the limitations in methodologies, acknowledged by the authors, made drawing valid conclusions difficult; the numbers of individuals considered, prospective verses retrospective, methods of boron intake estimation one-day dietary recall verses a semi-quantitative food frequency questionnaires, etc., could not overcome the statistical power needed to strengthen the results. Ironically, while concerns in the past few years regarding toxicities have prompted setting upper limits for boron and spurred public debates, particularly in the EU, the focus may completely swing to enthusiasm over initial findings associating boron with healthful benefits. While caution should be taken until sufficient data confirms these associations, it is exciting to anticipate the fact that emerging data suggests boron may be associated with cancer prevention and treatment [91] .
Healthfully Beneficial Effects of Boron in Controlled Studies
Nielsen (2008) provides a comprehensive review of boron in human health referencing the positive effects of boron in human bone, brain, inflammation and hormone function, clearly adding to the body of knowledge needed to confirm boron as essential in human nutrition. However, essentiality hinges on knowing a defined biochemical role for boron in addition to demonstrable signs of impaired functions in humans with boron deficiencies. The following briefly cites highlights in the literature to confirm essential roles for boron in human health [1] .
For centuries residents in areas with thermal vents have been drawn to these natural hot tubs purported to provide healthful benefits without scientific evidence. While warmth offers comfort to some, it is coincidentally, interesting that geothermal vent waters are also associated with high concentrations of boron [92] . Boron may be naturally occurring in groundwater and also soil, particularily with saline origins. Soil sources may also be the result of mining, fertilizing, or irrigation water. Irrigation water is potentially the most important contributor of boron to soils, yet boron from geothermal wastewaters compounds the issue of increasing concentrations of boron impacting drinking waters and production yields in sensitive crops [93] . Also Dr. R. Newnham from Australia discussed observed improvements in arthritic dogs treated with boric acid [94] . Newnham was one of the first to note that since 1963 evidence in humans had accumulated reporting boron as a safe and effective treatment for some forms of arthritis. He stated that in areas of the world where boron intakes usually were 1.0 mg B or less a day the estimated incidence of arthritis ranged from 20 to 70%, whereas in areas of the world where boron intakes were usually 3 to 10 mg B, the estimated incidence of arthritis ranged from 0 to 10%. Newnham provided experimental evidence from a double-blind placebo-boron supplementation trial with 20 subjects with osteoarthritis. A significant favorable response to a 6 mg B/d supplement was obtained; 50% of subjects receiving the supplement improved compared to only 10% receiving the placebo [94] [95] [96] . These initial anecdotal reports and preliminary studies prompted further investigation of the role of boron as an essential nutrient and as an effective treatment for arthritis, osteoarthritis, neural and hormonal function, and inflammatory conditions, as well as other diverse studies such as bone and shell strength influencing poultry production. [33, 72, 85, [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] .
While others have also studied boron, the most intense collection of work in human health has been performed at the Grand Forks Human Nutrition Research Center, Grand Forks, North Dakota. Under the direction of Dr. Forrest Nielsen the cadre of investigators at the center intently studied human subjects in a controlled metabolic laboratory. As mentioned previously, the supplementation of boron in postmenopausal women and many subsequent studies thereafter have provided the greatest contributions to science to confirm boron as a dynamic trace element in human metabolism and life processes. Both human and animal studies demonstrated that boron influenced and interacted with other metabolic factors including calcium, copper, magnesium, nitrogen, glucose, triglyceride, reactive oxygen, and estrogen. Through these effects boron influenced the function or composition of several physiological systems including for example, bone, blood, cognitive brain function, and cardiovascular and skeletal systems. Cellular effects of boron deprivation were first described to depress mean corpuscular hemoglobin content and concentration and elevate red blood cell and platelet counts in humans. These findings provided further support for the hypothesis that boron is an essential trace element for humans [1, 18, 33, 48, 98, 99, [103] [104] [105] [106] [107] [108] [109] [110] .
The earliest studies at the center focused on bone metabolism on the premise that boron may prevent chronic diseases such as osteoporosis by increasing the production of certain steroid hormones. At the time public health advocates were recommending high daily intakes of calcium to prevent osteoporosis in postmenopausal women. Not only was this advice introducing possibly harmful mineral imbalances but also, high calcium intakes had yet to be confirmed as effective in treating osteoporosis. Thus, studies on mineral interactions, i.e., boron and calcium, were logical next steps to find effective osteoporosis therapies. When boron was increased in human diets, some researchers reported increased estrogen, testosterone, and plasma ionized calcium levels, and decreased calcium excretion as well as decreased effects of the negative impacts of vitamin D and magnesium deficiency previously observed. From this collection of work Nielsen has concluded that supplementation of a low-boron diet with an amount of boron commonly found in diets high fruits and vegetables induced changes in postmenopausal women consistent with the prevention of calcium loss and bone demineralization and that lack of dietary boron can induce detrimental changes in variables associated with estrogen and calcium metabolism [1] . Consequently, the elevation of endogenous steroid hormones as a result of boron supplementation caught the attention of those interested in the use of safe ergogenic substances for athletes as referenced earlier [19, 46, 47, 50, 74, 110] .
Boron, Cancer, Cell Studies and the Quest to Confirm Essentiality
If boron is ubiquitous in nature, in both the abiotic and biotic environments, then it can be presumed that boron will be ubiquitous throughout a cell. Under experimental conditions using specifically designed protocols we can systematically begin to define the biochemical pathways involving boron in normal and diseased cells. It is very likely that boron participates in a much interwoven network of cellular functions yet to be identified. Knowledge of boron chemistry illustrates the importance of boron in extracellular binding through cis-diols providing plants with a strong structural architecture is of interest in animal cells in relation to integrins important to cell adhesion The possibility that boron impacts intracellular as well as intercellular functions has been indicated by changes in hormone responses, associations with energetically important biomolecules such as NAD (nicotinamide dinucleotide) and new evidence that boron is involved in intracellular signaling.
Nielsen in several publications reported that boron has an essential function that affects macromineral and cellular metabolism at the membrane level [103, 104] . Recall that the DRI panel in 2000 reported that the body of knowledge was not substantial enough to support the establishment of a dietary requirement for the element [22] . Since the 2000 DRI report considerable interest in the beneficial role of boron in the cancer process has propelled continuing investigation [87] [88] [89] [90] . Human prostate cancer cells exposed to varying concentrations of boric acid demonstrated dose dependent responses to boric acid [87] [88] [89] . Others observed increasing numbers of 'floating cells' in human breast cancer cells in vitro in response to increasing concentrations of boric acid after three days of administration [111] . More investigators are broadening their interest in boric acid with effects on bone and cancer cells reported in various animal models as well [112, 113] .
Investigations in our laboratories have suggested a controlled apoptotic response as opposed to a cytotoxic effect with boric acid treatments in various cancer cell lines. Our earliest studies showed that 1 mM boric acid had the most dramatic inhibitory effect on cell growth in DU-145 prostate cancer cells with a lesser effect on LNCaP cells and more muted effect on PC-3 cells. Likewise, in breast cancer cells similar responses were observed. Additional experiments from the Carper laboratory utilized boron analogs, such as hydroxymethylphenylboronic acid and phenylboronic acid (PBA) with concomitant competitive binding with manganese chloride [114] .
In 2007 Meacham, Carper and colleagues showed inhibition of growth in vitro in prostate and breast cancer cells with 1 mM boric acid [114] . The effects were greatest in DU-145 cells, while in SK-BR-3 and ZR-75-1 breast cell lines only partial growth inhibition was noted. A differential effect was noted in that an apoptotic response was seen in ZR-75-1 cells after seven days of exposure. Like the findings of Barranco and Eckhert the response we observed in DU-145 cells treated with boric acid was complete growth inhibition [87, 88] . However, additional study results did not dem-onstrate partial growth inhibition as reported by others in PC-3 and LNCaP prostate cell lines. In 2008 investigations continued using both BA and phenylboronic acid and we were able to elicit dose responsive cell death. Determination of caspase 3 activities confirmed apoptotic, or programmed cell death rather than a cytotoxic or necrotic effect. Magnesium chloride also stimulated cell attachment, while boric acid and phenyl boronic acid inhibited cell attachment [114] .
In breast cancer cells PBA and BA were able to partially inhibit selected breast cancer cell growth. Cell death by apoptosis, not necrosis, was revealed through fluorescent microscopy staining. With PBA the detached ZR-75-A cells demonstrated a dose dependent block in the S-phase of the cell cycle. Phenyl boronic acid also apparently impacted MgCl 2 stimulated cell attachment processes likely through integrins that are signaling not only cell detachment but also intracellular responses influencing apoptotic death [114] .
Continued investigations have involved the effects of boric acid on focal adhesion kinase (FAK) and the elucidation of a mechanism of action to induce apoptosis in both breast and prostate cancer cells. FAK is over-expressed in several human cancer cell lines and is essential in the integrin-mediated signal transduction pathway and participates in migration, angiogenesis, and inflammation/wound healing. Through phosphorylation reactions FAK conformation changes illicit responses intra-and extracellularly, suppressing apoptosis and promoting cell migration. Boric acid caused a four-fold reduction in phosphorylated FAK with boric acid treatment and, concurrently increased the appearance of caspase-3, indicating apoptotic activity 1 .
An inherent challenge associated with boron research is simply the analytical challenge due to the fact that boron is a trace element. The biochemical challenge has been the identification of a single function for boron. However, it is possible that boron participates in many steps, such as numerous phosphorylation reactions, making isolating a single pathway a challenge, and even immaterial. Yet, with even distribution and known passive transport the role of active transporters moving boron against concentration gradients is indicative of homeostatic control. As noted boron's involvement in such functions as cell structures, immune responses and brain function, implies that control of boron transport may explain the differential responses to apoptosis in cancer cell lines. Boron transport mechanisms may explain the evolution of boron tolerant plant and microbial species. Have human populations in boron-rich regions evolved or adapted to be boron tolerant? In humans has this process afforded additional protection against prostate cancer or cervical cancer?
The apparent differential responses to boron in various cell lines may also be better understood through genomic and proteomic studies. Knowledge of inherited factors that direct proteins synthesized to control cell activities may explain why some cancer cell lines respond to boron and others do not. Researchers focusing on cellular processes involving macromolecules, such as transcription of nucleic acids and translation for protein synthesis, have been technologically sophisticated and insightful when deciphering the cellular processes in normal and diseased cells, i.e., cancer cells. However, we still do not have a 'cure for cancer'. There is still a missing link.
While macromolecule research has dominated the research agenda, micromolecules may be no less important to our understanding of cellular processes. Boron can be the model element for minerals not viewed as structural, i.e., calcium and phosphorus in bones and teeth, and not seen as reaction catalyst cofactors, i.e., magnesium and phosphorus. Boron will be accepted as essential for the chemical function of forming cis-diol linkages, throughout normal and diseased cells. Thus, classic criteria for essentiality such as being able to manipulate a biochemical pathway or express deficiency states may not be the best indicators to demonstrate essential function for trace elements such as boron. Essentiality or 'proof of function' in living systems will need to be confirmed through new criteria and different end point biomarkers. Boron, as a model for other trace elements in human metabolism, will provide a new dimension to our understanding of interactions between inorganic and organic molecules, and provide answers to some of the unknowns not understood through classic metabolic studies and contemporary genomic and proteomic methodologies. Boron will be the model for a new field of study, "elementomics".
CONCLUSIONS
The spotlight on boron is shifting from an element of concern to one that affords healthful benefits in humans. We know human populations have been living for centuries in environments with naturally occurring high boron concentrations in soil and water. If health problems had been a concern in these communities the symptoms would have presented by this time. Furthermore, in Turkey were boron mining has commenced for over 150 years increasing environmental exposures for those employed in the mines and residing in the area have not presented with deleterious health effects. In the United States numerous studies on human exposures in boron-rich areas and occupations have come to the same conclusions. Coincidentally, in both Turkey and the United States beneficial health effects of boron are emerging, particularly with hopeful implications for cancer.
Boron, ubiquitous in our environment, including our body tissues, in intracellular and extracellular spaces is essential in human nutrition. Findings from future interdisciplinary approaches, i.e., molecular, cellular, epidemiological and ecological studies, will be complimentary and equally important to the full elucidation of boron's biochemical functions and essentiality in human nutrition. These findings are critical before imposing government regulations that are incompatible with nature's patterns of boron distribution. The regions with the richest boron reserves and highest economic impacts are in the United States and Turkey, representing 24 and 35 percent, respectively, of the world's reserve base for the mineral [115] .
Studies from boron-rich regions should provide the leadership for investigations needed to strengthen the body of knowledge deemed necessary by government panels to publicly confirm the essential functions of boron in living sys-tems, to maintain a safe and ecological balance of boron in the environment and subsequently develop policies based on sound science to remove the uncertainty currently surrounding the issues.
Furthermore, it is important to reiterate that while some agencies have been challenged to set safe guidelines, a succinct summary can be found in a recent U.S. EPA document, Health Effects Support Document for Boron (Jan 2008). The U.S. EPA has deemed it is "not necessary to regulate boron in drinking water". The "available data on occurrence, exposure, and other risk considerations suggest that boron does not occur in public water systems at a frequency and at levels of public health concern. Only in cases of extreme exposure or accidental ingestion have toxicities and deaths occurred in humans. Boron is not mutagenic and inadequate data is available to consider boron a human carcinogen" [26] . Most importantly, boron is not a public health concern at this time. In light of this review, recommendations, i.e., safe limits for boron in drinking water should be appropriately set in accordance with natural environmental concentrations and regional indications of unhealthful effects. Further study of boron as a trace essential element in humans may also prompt review of the criteria used to assign essentiality and introduce a new field of study, "elementomics'.
